Oil surface area measurement
Generation of the Products and accompanying image analyses were performed in an ArcGIS (Streett 2011) . Ancillary data such as natural oil seeps, oil platforms, surface winds, and so on were imported as part of this GIS. To estimate daily extent of surface oil beyond 40 km of the Gulf coastline, we excised and measured this offshore portion of the Product shape file for oil using a GIS (Fig. S2 ).
Analysts generally incorporated spatially explicit information that had been obtained from multiple satellite passes and/or imagery collected by different satellite sensors each day to generate the Product. Spatial resolution of sensing platforms could vary by an order of magnitude (Table S1 ), so that the spatial extent covered by individual images could be smaller than the total surface extent of Deepwater Horizon oil on any given day. Fig. S1 ), illustrating how oil surface area >40 km from the Gulf coastline (black) was excised with a GIS (green line) to distinguish it from the extent of oil surface area <40 km from the coastline (yellow) To estimate the daily extent of Deepwater Horizon oil, we evaluated shape files from the Products (Fig. S1 ) available for the interval 22 April to 31 July 2010. Some Products accounted for partial satellite coverage with simulations that depicted the movement, location, and extent of oil during the Deepwater Horizon blowout (e.g. Liu et al. 2011 , Mariano et al. 2011 . Final values used to model the daily oil slick area are provided in Table S2 . Table S2 . Daily estimates of oil slick area (in km 2 ) during the Deepwater Horizon blowout including area estimates in coastal (<40 km) and in offshore (>40 km) waters of the spill zone in the northern Gulf of Mexico (see also 
Measurement uncertainty associated with remote sensing of surface oil
Satellite sensors can provide relatively quick, frequent, and synoptic assessment of the ocean for oil presence in surface waters (e.g. Ma et al. 2009 , Chen & Chang 2010 , Zhang et al. 2011 ). Nevertheless, this approach is constrained by image availability over the spill zone, as well as imprecise measurement that can arise from either type I or type II errors (false positives and false negatives).
Preliminary oil screening in the raw satellite images consisted of signal processing algorithms (e.g. Cheng et al. 2011 ) that were used to (1) detect dark spots, (2) extract some features from the dark spot candidates, and (3) classify the dark spots as oil spills or oil mimics (e.g. Solberg et al. 2007 , Garcia-Pineda et al. 2009 , 2013 , Grimaldi et al. 2011 . In collating and contrasting information from the sensors used (Table S1) , analysts accessed a variety of data in order to scrutinize and then remove the influence of oil mimics (Streett 2011) .
In addition to the previous day's analysis and the known prior history of the spill, these ancillary data might include (1) observed maritime and surface winds, and advanced scatterometer-detected surface winds; (2) ocean currents from the Navy Coastal Ocean Model (NCOM), Navy Layered Ocean Model (NLOM), and Hybrid Coordinate Ocean Model (HYCOM); (3) altimetry (sea surface height) data; (4) GOES sea surface temperatures (SSTs) ocean frontal product; (5) SSTs from the NCOM model; (6) MODIS satellite-derived ocean color products and NOAA reports for algae blooms; (7) locations of oil and gas platforms, wells, pipelines, natural oil seeps, and the Automatic Identification System Ship Tracking System; (8) bathymetric data from various sources; (9) over-flight data associated with NOAA's Office of Response and Restoration; (10) Shoreline Cleanup Assessment Team (SCAT) surveys; and (11) airborne ocean surface sensors (e.g. Jones et al. 2011 ).
Consequently, most false positives such as natural oil seeps (Hu et al. 2009 ), surface current features, and winds unfavorable for SAR detection could be routinely differentiated from the oil (Streett 2011) . These mimics were removed prior to generating the Product estimates for surface oil extent during Deepwater Horizon. One notable exception was the floating macroalga Sargassum. Separating Sargassum from oil was difficult in late July and August when small patches of presumed oil were no longer contiguous with the spill's origin (Streett 2011) . Moreover, due to physical aggregation by surface current features in the Gulf, patches of Sargassum and Deepwater Horizon oil could be found together in the same debris fields (e.g. Carmichael et al. 2012 ).
In contrast to modest uncertainty from over-estimating oil extent due to image pixel exaggeration (Hu et al. 2009 ) or oil mimicry, the variety and prevalence of false negatives were more difficult to mitigate. Factors that led to under-estimating oil extent in satellite images during Deepwater Horizon included (1) limitations of sensor pass coverage (incomplete imagery, or imagery cut-off); (2) only lower-resolution imagery available on some days, thereby missing smaller oil patches; (3) image obstruction of oil by clouds, rain, and convection; (4) inability to detect oil with synthetic aperture radar (SAR) when winds were chaotic, or when winds (if consistent) were below (or above) the optimal detection range for this sensor; (5) shadowing in the SAR imagery due to the coastline, bathymetry, and currents; (6) low detection as a consequence of SAR incident angle and beam mode (Garcia-Pineda et al. 2013) , and (7) indistinct boundaries or undetected oil due to unfavorable sun-glint angle in images from the Moderate Resolution Imaging Spectroradiometer (MODIS).
Furthermore, satellite sensors cannot detect oil thicknesses or patch sizes below certain thresholds (Fingas & Brown 1997 , Brekke & Solberg 2005 . Thus, smaller oil patches, thin oil sheens, and dissolved hydrocarbons (e.g. Liu et al. 2014) can go undetected altogether. Along with satellite passes that missed the Deepwater Horizon spill zone, and image cutoffs when the coverage was only partial, the overall uncertainty associated with under-estimation of oil extent is likely to have been substantial. We thus consider measurements of the daily slick size and cumulative spill area rendered by syntheses in the Daily Composite Products (Fig. S1 ) presented here (Table S2) to represent minimal estimates for the spatial extent of oil during the Deepwater Horizon blowout.
The various data corrections noted above when applied to estimation of daily slick size addressed only the relative (not absolute) limitations in the satellite coverage across the spill zone. Therefore, gaps caused by missing data would in the aggregate tend to under-estimate the exposure risk to marine birds in the Gulf of Mexico during the Deepwater Horizon discharge.
Migration and replacement of seabirds over the oil spill zone
The exposure period duration P required for replenishment of birds killed by oil exposure is assumed to be determined by some combination of the movement of the oil slick relative to birds, movement of local birds relative to the oil slick, and regional bird influx due to exogenous migration (Fig. S3) . Maximum distances across the Deepwater Horizon's cumulative oiled area were approximately 500 to 550 km. At flight speeds of 15 to 45 km h -1 (e.g. Spear et al. 2004) , it would take the slowest marine birds less than a day to reach the oil slick's interior from adjacent unpolluted waters if they flew directly toward the center of the slick, with random flight taking somewhat longer.
Theoretically, local repopulation would be feasible within a day or so for the oiled zone, including the entire offshore portion. Assuming a mortality process that removed a third of all birds present over the slick, local movement rates from outside the spill zone need not be especially high to maintain bird density over time (see Fifield et al. 2009 ). More importantly, seasonal migrations could maintain bird density throughout the total oil exposure period, as more than 75% of offshore birds in the Gulf of Mexico breed outside the region entirely, with some species immigrating from very long distances into the Gulf throughout the duration of the spill ( Fig. S3; (Woolfenden et al. 2001) As the spill began, winter residents were departing the spill zone (e.g. northern gannet Morus bassanus; Montevecchi et al. 2012) . However, eastern Atlantic species such as band-rumped storm-petrel Oceanodroma castro arrive during May-July via long distance migration (Stotterback 2002) . Fall migrants (e.g. black tern Chlidonias niger, jaegers Stercorarius spp.) return south to the spill zone during July-August (Ribic et al. 1997 , Heath et al. 2009 ). Offshore bird abundance was further augmented by nonbreeding and post-breeding Audubon's shearwater Puffinus lherminieri, masked booby Sula dactylatra, and bridled tern Onychoprion anaethetus, all of which disperse into the spill zone from further south and east during summer months (e.g. Ribic et al. 1997) .
Large-scale movements of seabirds are strongly affected by wind direction (Adams & Flora 2010) . During the 103 d period of the Deepwater Horizon blowout, offshore wind direction changed by 60° or more 21 times, on average about every 5 d (see Supplement for Haney et al. 2014 , available at www.int-res.com/articles/suppl/ m513p227_supp.pdf). Based on the factors noted above, we therefore estimated time to restore density to the initial level of D following the loss of birds due to mortality to be every 4 d, on average, with uncertainty in P assessed by assigning this parameter a uniform distribution on the interval 2 to 6 d.
